ABSTRACT: Simplified lipid mixtures are often used to model the complex behavior of the cell plasma membrane. Indeed, as few as four componentsa high-melting lipid, a nandomain-inducing low-melting lipid, a macrodomain-inducing low-melting lipid, and cholesterol (chol)can give rise to a wide range of domain sizes and patterns that are highly sensitive to lipid compositions. Although these systems are studied extensively with experiments, the molecular-level details governing their phase behavior are not yet known. We address this issue by using molecular dynamics simulations to analyze how phase separation evolves in a four-component system as it transitions from small domains to large domains. To do so, we fix concentrations of the high-melting lipid 16:0,16:0-phosphatidylcholine (DPPC) and chol, and incrementally replace the nanodomaininducing low-melting lipid 16:0,18:2-PC (PUPC) by the macrodomain-inducing lowmelting lipid 18:2,18:2-PC (DUPC). Coarse-grained simulations of this four-component system reveal that lipid demixing increases as the amount of DUPC increases. Additionally, we find that domain size and interleaflet alignment change sharply over a narrow range of replacement of PUPC by DUPC, indicating that intraleaflet and interleaflet behaviors are coupled. Corresponding united atom simulations show that only lipids within ∼2 nm of the phase interface are significantly perturbed regardless of domain composition or size. Thus, whereas the fraction of interface-perturbed lipids is negligible for large domains, it is significant for smaller ones. Together, these results reveal characteristic traits of bilayer thermodynamic behavior in four-component mixtures, and provide a baseline for investigation of the effects of proteins and other lipids on membrane phase properties.
INTRODUCTION
The cell plasma membrane (PM) can exhibit nanoscopic mixing heterogeneities, or "rafts", 1,2 thought to be involved in membrane trafficking, signaling, protein sequestration, and virus budding. 3, 4 Rafts are envisioned as distinct from the surrounding membrane, being enriched in high-melting (highTm) lipids and cholesterol (chol). 2 Although the mechanism that produces rafts is unclear in living cells, chemically defined mixtures that model the composition of the PM outer leaflet can give rise to raft-like coexistence of distinct phases. 5 Of particular biological significance is the coexistence of a liquidordered (Lo) phase, with fast translational diffusion and high chain order, and a liquid-disordered (Ld) phase, with fast diffusion and low chain order. Like rafts in living cells, the Lo phase in model mixtures is enriched in high-Tm lipids and chol, while the Ld phase is enriched in low-Tm lipids. 5 Importantly, the properties, sizes, and even morphology of these two phases can vary greatly depending on lipid composition 5, 6 and bilayer curvature. 7−10 Since cells can alter their membrane composition and shape, the complex functionality of a live cell's PM might be controlled in part by the same principles that influence Lo + Ld phase separation of model membranes.
Coexistence of Lo and Ld phases in lipid mixtures requires a minimum of three components: a high-Tm lipid (e.g., 18 :0,18:0-phosphatidylcholine (DSPC), 16:0,16:0-PC (DPPC), or sphingomyelin), a low-Tm lipid (e.g., 16 :0,18:1-PC (POPC) or 18:1,18:1-PC (DOPC)) and chol. 5 Ternary model membranes containing three such components exhibit either nanoscopic Lo + Ld phase domains ("Type I" mixtures) or macroscopic Lo + Ld phase domains ("Type II" mixtures). 5 The type of mixture formed is strongly influenced by the nature of the low-Tm lipid. For example, DSPC/POPC/chol is a Type I mixture, 11 whereas DSPC/DOPC/chol is a Type II mixture. 12 Four-component systems can exhibit a natural progression between Type I and Type II mixtures, providing a complex but biologically relevant model membrane mixture. In a revealing quaternary mixture experiment, the fractions of DSPC and chol are kept fixed while the nanodomain-inducing POPC is replaced by the macrodomain-inducing DOPC. 6, 13 Using a replacement ratio defined as ρ = [DOPC]/[POPC + DOPC], a specific composition of DSPC/[POPC + DOPC]/ chol is chosen such that it lies within the Lo + Ld coexistence regions at both ρ = 0 (nanodomains) and ρ = 1 (macrodomains). In giant unilamellar vesicles (GUVs), compositional variation (a "trajectory") along ρ reveals stable macroscopic phase morphologies, termed "modulated phases", not seen in ternary systems. 6, 13 Modulated phases have a characteristic sizescale and a variety of interesting morphologies including stripes, honeycomb and broken-up domains. 6, 13 The ability to exert fine control over domain size and morphology through small changes in composition is a most useful capability of quaternary mixtures.
At a coarse level, Monte Carlo (MC) simulations and experiments have shown that the surprising range of phase morphologies observed in four-component GUVs can be explained by a competition between bending energies and line tension, the two-dimensional analogue of surface tension. 13, 14 The membrane curvature of GUVs makes large patches of the stiff Lo phase unfavorable compared with large domains of the pliant Ld phase; competing line tension favors the coalescence of small domains to minimize interfacial energy. In MC simulations, high line tension that occurs at high ρ produces macroscopic domains, whereas low line tension that occurs at low ρ allows domains to break apart. Intermediate line tensions that occur at intermediate ρ yield energies comparable to bending energies, and the competition between the two produces modulated phases. 13, 14 While little is known about bending energies along a ρ-trajectory, that line tension increases with ρ is supported by both direct measurements of thermal fluctuations of domains, 15 and calculations combining theoretical, simulation, and experimental results. 16 Together, MC simulations and experiments suggest that line tension plays a dominant role in determining domain size and phase morphology in four-component systems.
Molecular Dynamics (MD) simulations offer the unique capability to study the proposed or observed larger-scale behavior of quaternary mixtures with atomistic resolution. However, to our knowledge, there has yet to be a systematic MD study of such mixtures undergoing a "nano-to-macro" transition. And until recently, only two main ways existed to simulate phases in three-and four-component systems using MD: (1) predetermining initial lateral organization of atomistic lipids, or (2) coarse-graining (CG) lipids. In (1), rather than waiting for phase separation to occur over an unattainably long computational time, the lateral organization of atomistic lipids is predefined to be phase-separated. 17−20 This method enables high-resolution and accurate analysis of the phases, at the cost of accuracy of equilibrium lateral organization. In (2), simplifications are made to the atomistic lipid and water models such that a lipid is represented by ∼10 beads rather than ∼100 atoms, as in the Martini model. 21 CG lipid mixtures can phase separate in a reasonable amount of computational time, at the cost of atomic resolution. 22−26 Neither (1) nor (2) alone is sufficient to fully understand quaternary systems, in which large-scale phase morphologies change, but also atomistic behavior of lipids is important. For phase separation studies, bridging the gap between the long time scale, lowresolution CG simulations and the short time scale, highresolution atomistic simulations is now possible 27 with the advent of methods to convert CG models to atomistic representations. 28−30 In this report, we combine the capabilities of CG and united atom (UA) simulations to investigate the phase behavior along a ρ-trajectory in a four-component lipid mixture. Our system contains chol, the high-Tm lipid DPPC (4:0,4:0-PC in CG and 16:0,16:0-PC in UA), and the two low-Tm lipids PUPC (4:0,4:2-PC in CG and 16:0,18:2-PC in UA) and DUPC (4:2,4:2-PC in CG and 18:2,18:2-PC in UA). These lipids were chosen because in the CG simulations they reflect experimentally observed four-component phase behavior: PUPC, analogous to POPC, promotes clusters or small domains when mixed with DPPC and chol, whereas DUPC, analogous to DOPC, promotes large-scale phase separation. In the simulations, we fix the overall composition such that DPPC/ [PUPC + DUPC]/chol ≈0.4/0.4/0.2. We then vary the relative fraction ρ = [DUPC]/[PUPC + DUPC] from ρ = 0 (small domains) to ρ = 1 (large domains) in ∼0.1 increments. We first run these CG systems to equilibrium to study how domain composition, size, and alignment change over a ρ-trajectory. Then, using the program Backward, 29 we convert the equilibrated CG structures to UA and run them further to measure phase properties at higher resolution, and to describe the phase interface along the ρ-trajectory. By providing a systematic analysis of the phase behavior of four-component lipid-only mixtures, this study can be used as a baseline to measure and understand how the addition of proteins affects the morphology, onset of phase separation, and general phase properties of similar quaternary systems.
COMPUTATIONAL METHODS
We studied lipid mixtures containing DPPC, PUPC, DUPC, and chol as a model four-component system, shown in Figure  1A . The bilayer patches were square with the plane of the bilayer in the xy plane and the z-axis normal to the bilayer. Each patch contained 4608 lipids, with a total composition of DPPC/[PUPC + DUPC]/chol ≈ 0.4/0.4/0.2. Eleven different ρ conditions were simulated at this composition, from ρ = 0 to ρ = 1 in increments of ρ ∼ 0.1. Each of the 11 simulation sets was comprised of one CG simulation and one corresponding UA simulation. Figure 1B shows a snapshot of an equilibrated UA bilayer for ρ ∼ 0.8.
A complete description of bilayer construction is provided in Supporting Information Section S1. All simulations were performed with GROMACS versions 4.0.5 and higher. with all beads having the same mass. Lipid, 33 chol, 34 and water parameters were from Martini version 2.0. PUPC parameters were not available in the Martini CG force field, and so were modeled by combining the sn-1 chain parameters of DPPC with the sn-2 chain parameters of DUPC.
UA simulations used the GROMOS 87 force field 35 with added Berger Lipid parameters, 36 as described in ref 18 . DPPC, 36, 37 DUPC, 18 and chol 38 topologies were taken from existing parametrizations. UA parameters for PUPC were also not available, and were modeled by replacing the sn-2 chain parameters of DPPC with those of DUPC. The SPC model 39 was used for water.
2.2. Simulation Conditions. The CG simulations were performed in the NPT ensemble with 20 fs time step. The Vrescale thermostat 40 with a time constant of 1 ps and Berendsen semi-isotropic barostat 41 with a time constant of 4 ps were used to maintain a temperature of 295 K and a pressure of 1 atm. Each lipid type and the solvent were independently coupled to the temperature bath. Electrostatics and van der Waals interactions were cut off at 1.2 nm, and were shifted to zero starting at 0 and 0.9 nm, respectively. Center of mass motion of the system was removed every 10 timesteps. The simulations were run for 25 μs.
Initial structures for the UA simulations were obtained by converting the final CG structures to UA representation using Backward; 29 see Supporting Information Section S1. The simulations were then performed in the NPT ensemble with 2 fs timesteps. The Nose−Hoover thermostat 42, 43 with a time constant of 0.5 ps and Parrinello−Rahman semi-isotropic barostat 44 with a time constant of 2.0 ps were used to maintain a temperature of 300 K as in ref 18 , and a pressure of 1 atm. Each lipid type and the solvent were independently coupled to the temperature bath. A 1.1 nm cutoff was employed for the electrostatics and van der Waals interactions. SETTLE 45 was used for rigid water constraints. Particle Mesh Ewald (PME) 46, 47 was used for electrostatics, with a cubic interpolation order of 4 and Fourier grid spacing of 0.16. Center of mass motion of the bilayer and solvent were separately removed every 100 timesteps. The simulations were run for 200 ns.
All CG and UA simulations applied periodic boundary conditions in three dimensions, and employed the LINCS 31, 48 algorithm for bond constraints.
2.3. Phase Determination Algorithm. Determining phase patches in lipid simulations requires first deciding on a criterion for a phase. One possible choice is to use the order of lipid chains, 49, 50 while another is to use local composition. 20 We chose to use the latter, since it is independent of lipidspecific properties: order is dependent not only on phase, but also on lipid type (see e.g. Figures S6−S9 ) and phase of the apposed leaflet. 51 Although hidden Markov models exist to determine phases based on lipid composition, 20 we chose to use a single compositional cutoff for simplicity.
It is known from experiments that high-Tm lipids, in our case DPPC, and chol are enriched in the Lo phase compared to the Ld phase. 12 This allows use of the local concentration of DPPC and chol to determine phase domains. 20 To do this, we first perform a Voronoi tessellation based on the centers of mass of each lipid within a leaflet. Next, the local environment of a particular lipid of interest (LOI) is defined to be those lipids that share a Voronoi edge with the LOI. Finally, the phase of the LOI is determined by its local concentration of DPPC + chol. If the concentration of DPPC + chol in the local environment is higher than that in the entire leaflet, the LOI is considered to be in the Lo phase; otherwise, the LOI is considered to be in the Ld phase. Continuous phase patches were determined using a connectivity matrix; patches containing fewer than 10 lipids were considered random compositional fluctuations and were included in their surrounding domain. 49, 50 Voronoi edges between two phases are then phase boundaries. The phase boundaries are taken to lie within the xy plane, and for calculations involving the boundaries, only those within the leaflet being analyzed are considered. Example results of the phase determination algorithm (implemented in Matlab version R2010a) are shown in Figure 2 .
We note here that at low ρ in these simulations, and in ternary mixture simulations of DPPC/PUPC/chol, 52,53 small clusters reveal nonideal mixing (see, e.g., Movie 1 (jp511083z_si_002.mpg) in the Supporting Information) rather than nanoscopic phase domains. Regardless, the purpose of this work is to investigate trends in demixing as a low-Tm lipid that produces small domains is replaced by a low-Tm lipid that produces large domains. In this vein, we stick to Lo/Ld terminology for clarity and in a later section discuss the ρ value at which we believe true phase separation first appears in these simulations.
2.4. Equilibration and Data Analysis. Based on equilibration of CG phase interface length and UA box size ( Figure S1 ), we determined that the CG and UA systems required 15 μs and 50 ns, respectively, to be sufficiently equilibrated. Consequently, data analysis for CG and UA simulations was performed only over the last 10 μs and last 150 ns of simulation time, respectively.
After equilibration, we calculated the time autocorrelations of several CG and UA propertiesphase interface length, misaligned phase overlap fraction, order parameter, extent of lipid tilt and lipid tilt orientationfor the representative case of ρ = 1 ( Figures S2 and S3 ). We chose ρ = 1 since it is expected to have the slowest correlation times due to its large domain size and high order in the Lo phase. All correlations are described in the Supporting Information Section S2, and the properties themselves are described throughout the text. Based on the correlation functions, we determined that the CG properties of interest became essentially uncorrelated by 250 ns and the UA properties became sufficiently uncorrelated by 25 ns. Thus, each 10 μs of CG simulation could be split into 40 independent 250 ns traces and, similarly, each 150 ns UA simulation into 6 independent 25 ns traces. For details on how averages and standard deviation error bars were calculated from these subsets, see Supporting Information Section S2.
RESULTS
In the following sections, CG results are in sections 3.1−3.3, UA results in 3.4−3.5. Results plotted as a function of ρ are colored from green at ρ = 0 to red at ρ = 1 unless otherwise specified.
3.1. CG Demixing of Lo Lipids DPPC and Chol, and Ld Lipids PUPC and DUPC, Increases along the ρ-Trajectory. We used the phase determination algorithm from Section 2.3 on our simulation results to define regions of similar phase ( Figure 2 ). This algorithm ensures that Ld phases are enriched in the low-Tm lipids PUPC and DUPC, while Lo phases are enriched in DPPC and chol. Once phases were determined, compositions of a given phase were calculated leaflet by leaflet based on all lipids in that phase. The ternary and quaternary diagrams show that the compositions of coexisting Lo and Ld phases become increasingly different as ρ increases (from green to red). The differences between Lo and Ld compositions are measured by the lengths of tielines, which increase by ∼400% from ρ = 0 to ρ = 1. Specifically, the amount of low-Tm lipid in the Lo phase decreases from 30.1 ± 0.4% at ρ = 0 to 2.3 ± 0.2% at ρ = 1. Similarly, the amount of DPPC in the Ld phase decreases from 32.1 ± 0.3% at ρ = 0 to 6.6 ± 0.5% at ρ = 1. Thus, as DUPC replaces PUPC, the extent of demixing increases: DPPC and chol become more enriched in the Lo phase and the low-Tm lipids become more enriched in the Ld phase.
3.2. CG Domain Size and Interleaflet Domain Alignment Increase with ρ. The phase domains of Figure 2 show that domain size increases with ρ. To analyze the dependence of size on ρ, we calculated an intraleaflet pair correlation function, g(r), of Ld lipids. g(r) is the probability of finding two Ld lipids at a certain distance from each other in the same leaflet, normalized by the probability given a uniform random distribution:
where A is the simulation area, N is the number of Ld lipids in a leaflet, ⇀ r are the coordinates of the lipid centers of mass, Δr = 0.25 nm is the bin size, and δ is the Kronecker delta. The pair correlation functions for all ρ-trajectory simulations are shown in Figure 4A . At low ρ, pair correlations have exponential-like decays indicating only short-range correlations. At higher ρ, pair correlations decay in a much slower, linear fashion, indicating large-scale phase patches that can be limited by the finite simulation size. The observed increase in pair correlations with increasing ρ means that the characteristic size-scale of domains grows with ρ. In addition to using intraleaflet pair correlations to study domain size, we also measure interleaflet correlations of phase patches to study domain alignment. Interleaflet correlations show the probability of finding two lipids in the same phase at a certain distance from each other in apposed leaflets, normalized by the probability given a uniform random distribution in the apposed leaflet. Similarly to eq 1, we measure the interleaflet correlation, g 1,2 (r), of Ld lipids as
where N 1 and N 2 are the number of Ld lipids in each of the two leaflets, and other terms are defined as in eq 1. Interleaflet pair correlations for all ρ values are shown in Figure 4B . At low ρ, the interleaflet pair correlations remain near 1: there is no preferred alignment of phase domains between leaflets. Conversely, at high ρ, pair correlations grow significantly above 1: the phase domains in the two leaflets are more aligned. When measuring Lo−Lo correlations with a bin size of Δr = 0.025 nm, a simulation artifact becomes apparent. It is particularly noticeable in correlations between acyl chain and chol centers of mass, as shown in Figure S4A ,B. At high ρ, the Lo phase has long-range periodicity in its correlations, revealing that it is gel-like. We discuss this apparent gelation artifact in the Supporting Information Section S3. We do not expect it to affect our simulations, as it only appears in the Lo phase after phase separation has begun and is much less pronounced in the UA simulations ( Figure S5) . A newly developed CG cholesterol available at http://md.chem.rug.nl/cgmartini/index.php/forcefield-parameters/sterols prevents this gelation in the CG simulations.
3.3. A Sharp Transition in CG Phase Morphology Occurs between ρ ∼ 0.5 and ρ ∼ 0.8. The intraleaflet pair correlation functions in Section 3.2 reveal two distinct regions of behavior: short-range correlations at low ρ and long-range correlations at high ρ. To better quantify the shift in intraleaflet phase behavior at intermediate ρ, we look at the amount of interface between Lo and Ld phases. As is often done, 49, 50 we normalize the interface length, in this case by the x/y box length L. We plot the normalized interface lengths as a function of ρ in Figure 5A . The normalized interface length is large, greater than 20, at low ρ and decreases smoothly until ρ ∼ 0.5. A steep drop-off then starts at ρ ∼ 0.6, leveling off at ρ ∼ 0.8. By ρ = 1, the normalized interface length is ∼15% that at ρ = 0.
Changes in normalized interface length from one simulation to the next can arise from changes in either phase area fractions or domain size. To determine which factor was governing our results, we measured phase area fractions. Over the entire ρ-trajectory, normalized interface length decreases significantly, whereas the area fraction of Lo decreases from 48.3 ± 0.4% to 44.3 ± 0.2%, and the area fraction of Ld increases from 51.7 ± 0.4% to 55.7 ± 0.2%. Since only small changes in phase area fractions occur, the decrease in interface length that occurs for 0.5 ≤ ρ ≤ 0.8 must be due to increasing intraleaflet domain coalescence. This is also evident in Movie 1, which shows the evolution of the Lo and Ld phase domains for all ρ over time.
A change in phase behavior at intermediate ρ is also apparent in the interleaflet pair correlations: domains are uncorrelated at low ρ but are highly correlated at high ρ. A straightforward way to quantify this change in domain alignment is by measuring area fraction of domain overlap. 25, 49, 54 In this case, we choose to measure the area of misaligned domains, i.e., Lo across from Ld, 25 normalized by the simulation area A. Since the total area fraction of each phase is ∼50%, in the three extreme cases of perfect domain antialignment, perfect domain alignment, and completely random domain alignment, the area fractions of misalignment would be ∼1, ∼ 0, and ∼0.5, respectively.
Figure 5B shows snapshots of overlaid leaflets for ρ ∼ 0.4, ρ ∼ 0.6, and ρ ∼ 0.8 (with white corresponding to aligned Lo phases, black to aligned Ld phases, and gray to misaligned phases), together with results of the misaligned fraction calculations. For ρ ≤ 0.5, the area fraction of misaligned domains is ∼0.5, showing domains are uncorrelated. For ρ ≥ 0.8, misalignment drops to less than 0.15. The transition between these two extremes occurs over the relatively small ρ range between 0.5 and 0.8. This is similar to the transition region observed in Figure 5A , supporting the finding that a switch in phase behavior occurs between ρ ∼ 0.5 and ρ ∼ 0.8. This is evident in Movie 2 (jp511083z_si_003.mpg), which shows the overlaid leaflets for all ρ over time.
3.4. UA Order Parameter Perturbations Extend ∼2 nm into Each Phase and Are Uniform along a Chain. After running the converted UA simulations, we measure the order of UA lipid chains using the carbon deuterium order parameter:
where α is the angle between the calculated CH bond and the bilayer normal, taken to be along the z-axis. Figure 6 shows −S CD averaged over all methylenes in the hydrocarbon chains of DPPC as a function of distance from the phase interface. As expected, equilibrium DPPC order in the Ld phase is substantially lower than equilibrium DPPC order in the Lo phase. As ρ increases, the Lo phase becomes more ordered, and the Ld phase becomes less ordered. The changes in equilibrium order coincide with an increase (decrease) of chol in the Lo (Ld) phase as ρ increases (Figure 3) , consistent with the socalled ordering effect of cholesterol. 55 Whatever the differences in equilibrium order along the ρ-trajectory, DPPCs in each phase always reach bulk values within ∼2 nm of the interface. The same is true for PUPC and DUPC ( Figure S6 ).
The perturbed lipids near the interface adjust to the different phase equilibria through nearly uniform changes along their acyl chains, despite there being significantly more double bonds in the Ld phase than in the Lo phase. In Figure 7 , −S CD is plotted for all carbons in the DPPC sn-1 chain as a function of distance to the interface for ρ = 0.5. No part of the DPPC acyl chains is significantly more perturbed than any other. Again, changes in order do not extend far from the interface. Similar behavior is observed for the sn-2 chain of DPPC, and the sn-1 and sn-2 chains of PUPC and DUPC ( Figure S7 ). The uniform change in order of the high-Tm lipid agrees with a previous study of a sphingomyelin/chol-enriched Lo phase surrounded by a DOPC-enriched Ld phase; whether the same was true for the low-Tm lipid is less clear. 19 For corresponding CG order plots, see Figures S8 and S9. 3.5. UA Lipid Phase Determines the Extent and Orientation of Lipid Tilt. To measure lipid tilts, we assume the bilayer lies in the xy plane, and take the normal to be along the z-axis. We then define the tilt of a lipid ( Figure 8A ) as in ref 56 : the tilt vector ( ⇀ t ) of a PC lipid joins the combined center of mass of the last three carbons of the acyl chains to the combined center of mass of the CD atom and phosphorus of the headgroup. The polar angle (θ) of ⇀ t with the bilayer normal ( ⇀ n ) indicates the extent of lipid tilt. Figure 8B shows θ versus distance from the interface for DPPC. Throughout the ρ trajectory, DPPCs in the Ld phase tilt on average ∼10°more than those in the Lo phase. Whereas DPPC in the Ld phase tilts more at low ρ than at high ρ, DPPC tilt in the Lo phase does not change much along the ρ-trajectory. Just as with order, tilt perturbations are gone less than 2 nm from the phase interface, regardless of ρ. Similar, but not identical, tilt behavior is seen for PUPC and DUPC, whereas chol tilts more than other lipids in the Ld phase ( Figure S10) . A larger chol tilt and a tendency of lipids to tilt less as chol fraction increases is consistent with previous simulations. 57 While θ quantifies the magnitude of tilts, we used another angle (φ) to determine whether the tilts have any preferential orientation. φ is the azimuthal angle of ⇀ t , defined to be the angle between ⇀ t (projected onto the xy plane) and the vector ( ⇀ b ) connecting the lipid center of mass to the nearest phase interface ( Figure 8A) . Average values of φ equal to 90°indicate random orientation, while averages greater than 90°indicate that lipids tilt away from the phase interface and averages less than 90°indicate that lipids tilt toward the interface. As an example, consider a lipid in the Ld phase. If φ is less than 90°, it is tilting toward the phase interface and so tilts toward the Lo phase. Conversely, if φ is greater than 90°, it tilts away from the interface and so tilts toward the bulk Ld phase.
In Figure 8C , φ is plotted as a function of distance to the phase interface for DPPC. For large ρ, DPPCs, especially those near the interface, tilt toward the bulk Ld phase: lipids in Lo tilt toward Ld (φ < 90°), and lipids in Ld tilt toward Ld (φ > 90°). This preferential orientation of tilts tends to increase with ρ. At higher ρ values, the preferential orientation persists for several nanometers in the Lo phase, but extends a much shorter Figure 6 . DPPC order parameter −S CD is only perturbed ∼2 nm from the interface into each phase. −S CD is averaged over all methylenes in both chains of DPPC, as a function of distance from the phase interface. Results shown from ρ = 0 (green) to ρ = 1 (red). DPPC order in both phases reaches equilibrium within ∼2 nm of the phase interface, regardless of ρ. Figure S11 ). Though surprising, long-range preferential orientation of tilts has been observed in other bilayer simulations. 17 To ensure that local curvature was not dramatically altering our tilt results, we recalculated θ and φ using the local normals and the local tangent planes (data not shown). Indeed, trends in θ and the significant preferential orientation of φ at high ρ were not significantly altered using this technique.
For corresponding CG tilt plots, see Figures S12 and S13. 58−60 and the simulations reported here show an increase in domain size as ρ increases. Second, the transition from small domains to large domains is relatively sharp in both experiments on GUVs 6,60 and in simulations. Third, the simulations reveal that compositional differences between coexisting Lo and Ld phases increase with ρ which has also been observed experimentally. 59 Fourth, we see that along the ρ-trajectory, increased demixing and an increased fraction of DUPC result in a predictable increase in thickness mismatch between Lo and Ld phases (SI Figures S14 and S15A) . A similar increase in thickness mismatch between coexisting phases along a ρ-trajectory has been detected with small-angle neutron scattering (SANS). 58 Disparities between simulation results and experiments are also revealing. Perhaps most noticeable is that the simulations do not capture the experimentally observed modulated phase patterns. This is simply because the limited size-scale and relatively flat nature of the simulations means that they are unable to sustain modulated patterns that are microns in size and likely require curvature to form. 13, 14 Another discrepancy, as mentioned in Section 2.3, is that the low ρ simulations are more properly termed nonideal mixing rather than the phase domains measured experimentally. The simulations also exhibit a much larger compositional change of Lo and Ld phases along a ρ-trajectory compared to experiments, 59 meaning that CG demixing is too strong. A final distinction between the simulations and experiments is that the CG Lo phase undergoes gelation at high ρ, but we emphasize this to be an artifact of the CG chol, which does not occur with a newer chol model.
DISCUSSION
Some differences between experiments and the simulations may simply be due to the fact that the Martini model was parametrized to enable large size-scale and long time-scale simulations. The coarse-grained nature of the model means that while entropy may play some role in phase separation, 61 it is not necessarily a dominant effect, 62 and likely does not play as large a role in phase separation as it would in vitro. Similarly, the simplified treatment of electrostatics in the Martini model 21, 32 would affect phase behavior differently than would electrostatics in vitro and in vivo. The simplifications inherent in the Martini model are not a hindrance, but are instead essential to its success; by cutting down the computational costs, the simplifications allow for phase separation to take place in systems that would otherwise require unreasonable amounts of computational time. Thus, while our simulations involve somewhat different interactions than experimentally studied quaternary systems, we have shown that they are able to capture much of the essential experimentally observed phase behavior. Furthermore, by capturing the trends in phase separation, the CG simulations allow for conversion to a more accurate atomistic force field for more detailed analysis of phase properties.
4.2. CG Intraleaflet Phase Separation and Interleaflet Domain Alignment Are Coupled and Highly Dependent on the Fraction of the Low-Tm Lipid. An abrupt transition from small, nonaligned domains to large, aligned phase patches occurs between ρ ∼ 0.5 and ρ ∼ 0.8 in the CG simulations. The transition window location and narrow size indicates that intraleaflet and interleaflet effects are sensitive to the fractions of PUPC and DUPC at intermediate ρ. That the intraleaflet and interleaflet transition windows are the same hints that the two effects are coupled. These observed morphological changes along the ρ-trajectory can be explained in terms of enthalpies. Lipid tilt vector ( ⇀ t ) connects the combined center of mass of the last three carbons on each acyl chain (large orange spheres) to the combined center of mass of the CD atom and phosphorus of the headgroup (large green spheres). The local bilayer midplane, which is assumed to lie along the xy plane, is shown as a gray rectangle. ⇀ n is the bilayer normal, and ⇀ b is the vector joining the lipid center of mass to the nearest phase interface. θ and φ are, respectively, the polar and azimuthal angles of ⇀ t : θ is the angle between ⇀ t and ⇀ n , and φ is the angle between ⇀ t (projected onto the xy plane) and ⇀ b . (B) θ is larger, i.e., lipids tilt more, in the Ld phase compared to the Lo phase. (C) Near the interface, lipids tilt away from the interface in Ld (φ > 90°) but toward the interface in Lo (φ < 90°). Results shown from ρ = 0 (green) to ρ = 1 (red). Molecule representation visualized in VMD version 1.9.
Liquid−liquid phase coexistence in Martini ternary mixtures of DPPC/DUPC/chol is largely driven by enthalpy. 61, 62 This likely governs the quaternary system behavior as well. The unsaturated beads of DUPC and PUPC mix unfavorably with chol and with the saturated beads of DPPC. 21 Since DUPC has four unsaturated beads compared to PUPC's two, DUPC is expected to segregate from DPPC and chol more readily than is PUPC. At low ρ, PUPC is the dominant low-Tm lipid and demixing is weak. When DUPC begins to outnumber PUPC at ρ > 0.5, the unfavorable interactions dominate and phase domains enlarge to minimize the interfacial penalty. This is in agreement with previous Martini studies showing that more unsaturation of the low-Tm lipid enhances demixing. 52 An increase in lipid and monolayer thickness mismatch between the Lo and Ld phases as ρ increases ( Figures S14 and S15A ) may further drive intraleaflet phase separation 53,63−65 as a way to minimize the amount of unfavorable conformational adjustments and interactions at the interface.
Coincident with the abrupt increase in domain size near ρ ∼ 0.6 is the alignment of phase domains. For ρ > 0.5, the free energy contribution of aligned phases must outweigh the energetically unfavorable increasing thickness mismatch. 51, 66 While electrostatics, cholesterol flip-flop, interdigitation, 66, 67 and curvature 51, 54 can play a role in alignment, another influential factor is a surface tension at the bilayer midplane between the leaflet phases. 68 In the Martini model, a surface tension between domains 25 could arise from the unfavorable interleaflet interaction between the unsaturated beads of the Ld phase and the saturated beads and chol of the Lo phase. 69 From the phase diagram, the fraction of DUPCand in turn unsaturated beadsin the Ld phase increases with ρ, while the fraction of unsaturated beads in the Lo phase decreases with ρ. This results in a higher density of unsaturated beads near the bilayer center in the Ld phase compared to the Lo phase ( Figure S15B ), likely increasing the penalty for phase mismatch at higher ρ. Furthermore, the penalty for interleaflet phase mismatch grows with area of the domains. 25, 66 The large change in domain size near ρ ∼ 0.6 is therefore expected to result in a correspondingly large increase in mismatch penalty per domain, favoring domain alignment. Since alignment only increases significantly for ρ > 0.5, it seems as though domain size, more so than just the increased surface tension between Lo and Ld phases, drives interleaflet domain alignment. This is in agreement with previous studies of bilayer mixtures that show domain alignment is greater for larger domains. 25, 54, 61 We therefore conclude that interleaflet domain alignment in the quaternary system DPPC/PUPC/DUPC/chol is significantly affected by intraleaflet domain size, and in turn ρ.
It is interesting that the phase morphology transition window in the simulations occurs when domains reach the approximate size-scale of nanodomains measured in vitro (∼7 nm radius for DSPC/POPC/chol). 58 This can be seen in Figure 4 and Figure  S4 , where the intraleaflet correlations at r = 7.5 nm are much larger for ρ ≥ 0.6 compared to ρ < 0.6. As ρ ∼ 0.6 is also the composition when alignment begins, it is possible that ρ ∼ 0.6 marks the beginning of true phase behavior for this particular mixture and in turn most closely reflects the behavior of nanodomains measured experimentally. Larger simulations, beyond the scope of this project, could indicate if the ρ ∼ 0.6 composition does indeed produce many, separate, nanodomains that are not simply limited by the simulation size.
Experimentally, the transition window from nanoscopic to macroscopic domains can vary substantially depending on the mixture used. In some systems, this transition window is narrow and low, and in other cases it is high and broad. 13 Thus, there is nothing universal about the region 0.5 ≤ ρ ≤ 0.8. Instead, the transition window simply represents a regime in this particular four-component mixture where the interfacial penalty in the simulation becomes large enough to induce the formation of large domains. We expect that the location and width of such a transition window in vitro are likely affected by water entropy, electrostatics of the different lipid moieties, and other atomistic properties that are outside the scope of the Martini model. Regardless, differences between the high-Tm lipid and the low-Tm lipid are expected to strongly affect the location of the transition window in both experiments and simulations: larger differences, e.g., in thickness, unsaturation, and branching, result in larger interfacial penalties and in turn, lower transition windows. Whether or not the experimentally observed intraleaflet transition window is also in general an interleaflet transition window is not currently known. In all experimental quaternary systems to date, macroscopic phase domains are aligned between the two leaflets, consistent with the simulations. However, the simulations indicate that alignment is likely lower for nanodomains than for macrodomains, which has yet to be tested experimentally.
4.3. Energy Penalty of the UA Phase Interface Is Spread out over Only a Few Lipid Shells. Line tension plays a crucial role in phase separation of lipid mixtures and acts as a competing interaction producing modulated phases. 14, 70 The atomistic underpinnings of line tension are not well understood, though it is hypothesized to be a function of the bending moduli, tilt moduli, spontaneous curvatures and thickness mismatch of the two phases. 64 Here, we determine how lipids adjust to the interface in the UA systems and thus the width of lipid layers whose perturbed energy contributes to line tension.
As shown in Figures 6 and 8B , the Ld/Lo phase interface in terms of order and extent of lipid tiltextends ∼2 nm into each phase, with the largest changes occurring within 1 nm of the interface, consistent with other simulations and mesoscopic modeling of phase separated bilayers. 51, 71 Perhaps as a manifestation of order and tilt perturbations, we also find that lipid thicknesses of the UA PC lipids in the Lo and Ld phases reaches equilibrium within ∼1.5 nm of the interface ( Figure S16 ). The interfacial width of 1−2 nm in each phase is relatively constant along the ρ-trajectory despite increasing equilibrium differences in order, tilt and thickness between Lo and Ld phases. Therefore, lipids within ∼2 nm of the phase interface must bear the brunt of the energetic cost of the interface regardless of domain size, alignment, composition, or equilibrium phase properties.
Assuming an interface width of just 2 nm into each phase, a circular 7 nm radius nanodomain 58 (similar to that observed at ρ ∼ 0.6) would have ∼50% of its lipids within the interfacial environment. The fraction of lipids at the interface drops off with domain size, reaching 1% at a domain radius of ∼400 nm. These interface percentages are inherently overestimates as they do not account for the magnitude of perturbations, which are most significant within 1 nm of the interface. Nevertheless, they demonstrate that while the width of the interface might only be one or two lipids in each phase, it can make up a large fraction of small domains. This could be crucial for interpreting experiments, such as those involving electron spin resonance (ESR) and SANS, that assume homogeneity of the phases. It may also affect the partitioning of molecules, some of which may prefer the environment of the interface. 72 4.4. The Ld Phase Alters Molecule Behavior Deep within the Lo Phase in UA Simulations. One might naively assume that all phase properties change to their bulk values through an intermediate transition at the interface. Indeed, we saw that this was the case for order and the magnitude of lipid tilts, which reach bulk values within ∼2 nm of the interface. However, an interesting property of the UA lipids, which is distinct from bulk phase properties and persists beyond the interfacial length of ∼2 nm, is the orientation of lipid tilt with respect to the boundaries. Rather than being randomly oriented, lipids several nanometers from the phase interface preferentially tilt toward the Ld phase at high ρ. This spatially extended preferred orientation could be explained by the nature of the Ld phase, which is more disordered and fluid-like than the Lo phase. As ρ increases, the Ld phase becomes even more disordered, and the Lo phase becomes even more ordered. The Ld phase can then more easily accommodate lipid tilts compared to the Lo phase, and preferential orientation of lipid tilts toward the Ld phase increases. By ρ = 1, lipids in the Lo phase as far as 6 nm from the interface significantly preferentially tilt toward the Ld phase.
There is some uncertainty as to whether the extended tilt orientation observed here represents the true behavior of lipids in vitro or is instead an artifact of the UA simulation. If the preferential orientation is an artifact, it is important for other researchers to be aware of it. However, recent findings of longrange tilt orientations in simulations of bilayers 17 provide support that the effect may be real, though such correlations were only observed in asymmetric bilayers and were not detected in corresponding symmetric bilayers as in our present study. If the observed long-range interaction is not an artifact, then it may affect membrane shape, 17, 73 allow for transmission of information beyond nearest neighbors, and alter the behavior of molecules deep within the bulk phases. So while the interface itself may only be 3−4 nm wide in total, its presence may have more far-reaching effects.
CONCLUSION
We found several interesting behaviors of a four-component lipid bilayer through use of a series of CG and UA simulations that take the mixture from nanoscopic to macroscopic phase separation. The CG simulations show that domain size and interleaflet alignment are coupled, and that domain alignment is especially sensitive to the fractions of low-Tm lipids. They also indicate that compositions of the coexisting Lo and Ld phases become more distinct as DUPC replaces PUPC. The UA simulations show that the phase interface, in terms of perturbed order and extent of lipid tilt, does not extend very far into either phase. However, the interface is not negligible, and can make up a significant fraction of smaller domains.
The UA simulations also revealed two surprising aspects of lipids in the coexisting phases. First, the UA lipids were shown to adjust to the different phase orders through uniform changes in their acyl chains, despite the high fraction of double bonds in the Ld phase compared to the Lo phase. Second, the UA simulations showed a long-range preferential tilt of lipids toward the Ld phase, meaning that lipids in a phase far from the interface can be affected by a distant, coexisting phase.
Although no experiments have been performed on the DPPC/PUPC/DUPC/chol system simulated here, direct comparison of such experiments to the simulations could be very informative. Fluorescence microscopy, Forster resonance energy transfer, and SANS could provide information about domain composition, size and thickness along an experimental ρ-trajectory. 6, 13, 58, 59 One could also find the ρ value where an abrupt transition in domain morphology occurs. ESR analysis of a spin-labeled lipid could be used to study equilibrium phase properties, and could provide an estimate for the fraction of phase interface by determining the amount of lipids with order between the equilibrium orders of the Lo and Ld phases. These results could all be directly compared to the results reported here in order to learn both how to improve force fields and molecular parametrizations, and in what ways the limitations of box size and coarse-graining affect simulation results. Such a comparison would have implications for the reliability of simulation properties that are not amenable to experimental measurements, such as pressure profiles and atomistic-level details of lipid behavior.
By providing a thorough analysis of a four-component mixture, CG and UA simulations reported here will be useful as a control for future studies addressing how addition of other molecules, membrane proteins in particular, affect the phase behavior in similar complex mixtures. They also form a basis for comparison to complementary experiments.
